Abstract Climate models project large changes in rainfall, but disagree on their magnitude and sign. The consequences of this uncertainty on optimal dam dimensioning is assessed for a small mountainous catchment in Greece. Optimal dam design is estimated using a Cost-Benefit Analysis (CBA) based on trends in seasonal temperature and precipitations from 19 IPCC-AR4 climate models driven by the the SRES A2 emission scenario. Optimal reservoir volumes are modified by climate change, leading to up to 34% differences between optimal volumes. Contrary to widely-used target-based approaches, the CBA suggests that reduced rainfall should lead to smaller water reservoirs. The resulting change in the Net Present Value (NPV) of water supply is also substantial, ranging from no change to a large 25% loss, depending on the climate model, even assuming optimal adaptation and perfect foresight. In addition, climate change uncertainty can lead to design errors, with a cost ranging from 0.3 to 2.8% of the NPV, depending on site characteristics. This Climatic Change (2012) 114:497-508 paper proposes to complement the CBA with a robust decision-making approach that focuses on reducing design-error costs. It also suggests that climate change impacts in the water sector may reveal large, that water reservoirs do not always provide a cost-efficient adaptation strategy, and that alternative adaptation strategies based on water conservation and non-conventional water production need to be considered.
paper proposes to complement the CBA with a robust decision-making approach that focuses on reducing design-error costs. It also suggests that climate change impacts in the water sector may reveal large, that water reservoirs do not always provide a cost-efficient adaptation strategy, and that alternative adaptation strategies based on water conservation and non-conventional water production need to be considered.
Introduction
According to the IPCC (2007) , global mean temperature could increase by between 1 and 6
• C over this century. This warming would lead to multiple and heterogeneous changes in local climates. Some locations would experience larger warming (e.g., the polar regions) than others (e.g., the southern hemisphere). Some locations would receive more precipitations while others would become drier. These local changes will have many consequences, in many economic sectors, and will make it necessary to implement adaptation actions.
In some sectors, adaptation can be reactive while in others, it needs to be anticipated especially for investments with very long timescales (Hallegatte et al. 2007 ). Anticipation necessitates detailed information on how local climates will change. However, for various reasons detailed in Hallegatte (2009) , future local climates are uncertain: there is still a large uncertainty on future greenhouse gas emissions, on the reaction of global temperature to changes in greenhouse gas concentrations and on how a change in global mean temperature would translate into changes at the local scale, the last being particularly important for adaptation in water management. To cope with this situation of increased uncertainty, Hallegatte (2009) proposed to follow Lempert and Collins (2007) , and to implement robust anticipated adaptation strategies that aim at reducing vulnerability in the largest possible range of climate changes.
This article applies this idea to dam dimensioning in the water management sector, a sector that is particularly sensitive to climate conditions. In addition, in this sector, investments like dams are made for very long time, thus requiring the taking into account of future changes. With climate change, hydro-climatic parameters would be modified, affecting runoff, soil moisture and groundwater level. On account of quantitatively and qualitatively altered water resources and affected water consumption, the conception of hydraulic infrastructure will have to be revised.
Previous studies have investigated this issue. Frederick and Schwarz (1999) investigate the change in renewable water supplies for the United States, focusing on changes in mean inflow. They determine least cost management scenarios to balance change in evaporation from surfaces of man made reservoirs and protect instream flows. To do so, conservation measures appear to be less expensive than increases in supply. They use two climate change scenarios, and obtain widely different leastcost strategies, stressing the importance of uncertainty in future climate change. Vogel et al. (1997) use simplified yield-storage relations to determine the sensitivity of complex reservoir systems for river basins under climate change. Still at the regional level, in China, Kirshen et al. (2005) go further and determine the storage capacity needed to meet demand at the highest possible level of reliability, taking into account the variability in precipitation and inflows. To do so, they use the modified sequent-peak method, and evaluate the associated costs using simplified unit-cost relations based on geophysical characteristics. More recently, Ward et al. (2010) provided an estimation of global and regional adaptation costs to reduced water availability. This study assesses the cost of providing enough water to satisfy the projected industrial and domestic water demands in 2050, using additional water storage and non-conventional water production. According to their results, global storage capacity is projected to increase significantly by 34-36% over the period 2010-2050. Estimated adaptation costs are of $12 bn per year, with almost 90% of these costs in developing countries.
At a local level, some studies also try to assess the implication of climate change for reservoir dimensioning. For example, Robinson (1997) determines the maximum draw from a reservoir, and, hence, the minimum dam size necessary to maintain a continuous energy generation under climate change in some locations of the USA. A different methodology, based on the integrated economic-engineering optimization model CALVIN (Tanaka et al. 2006 ) is used to study the ability of California water supply system to adapt to long term climatic and demographic changes. This methodology allows for the determination of shadow values for infrastructure capacities and conveyance capacities. The study shows that, in that case, conveyance expansion is the most relevant option.
In response to a change in the precipitation regime, the variability of water supply can increase or decrease. To assess the performance of hydraulic infrastructures along this dimension, the reliability is a commonly used indicator. According to Koutsoyiannis (2005) , the reliability of a reservoir is the probability that the reservoir will accomplish a needed function, for example demand satisfaction, over a specific time period under stated conditions. The studies presented above allow the determination of the dimensioning or cost associated with maintaining a fixed level of reliability. and Mehrotra (1999) also determine water reservoir dimensions to reach different reliability targets.
Equivalently, one can consider the change in water demand that can still be satisfied at an unchanged reliability level. For instance, a reduction in precipitation with unchanged water demand can lead to more frequent supply interruption, i.e. the water demand that is satisfied at an unchanged reliability level is lower. Sometimes, accepting a change in available water can be more efficient than trying to keep up with climate change with different infrastructure. Brikowski (2008) shows that for some reservoirs in the Great Plains of USA, due to groundwater mining and climate change, the decline in streamflow leads to a profound inefficiency of reservoirs: negative water budgets even become common as over half of the water flowing into the reservoirs evaporates.
It is not always possible nor efficient to modify the storage capacity of water reservoirs to maintain unchanged the reliability of water supply, and a change in demand can also be considered. Instead of a dimensioning based on a target, costbenefit analysis may be used to determine the optimal dimension of a dam, taking into account demand and supply changes. In O'Hara and Georgakakos (2008) , the effectiveness of storage capacity expansion is assessed for the water supply of San Diego in the US, and an optimal investment policy is determined. In this study, several capacity expansion increments are tested, and a valuation of demand and water imports is performed. Three climate models are used, and a sensitivity analysis is also conducted on population change and plausible model parameter values. The expansion problem is then solved as a recursive mathematical programming.
We find in the literature two approaches, one that determines the size or cost of infrastructure based on a target in water delivery, and one that uses cost-benefit analysis to compute the optimal infrastructure design, taking into account the costs of construction and operation and the benefit from water demand satisfaction. Here, we follow the second approach and use a cost-benefit analysis to determine dam dimensions.
A first contribution of this paper is to show that the cost-benefit analyses and target demand approaches lead to opposite results: with decreasing rainfall, target based methodologies lead to larger dams, while cost-benefit analyses lead to smaller dams. To investigate this issue as well as the role of climate uncertainty, a simple model of dam dimensioning under climate change is set up and tested on a small mountainous catchment in Greece, where different climate models from the IPCC lead to different changes in terms of precipitation.
Then we show how using different climate models could lead to very different choices in terms of optimal dimensioning and different net present values (NPV) for the available water. These results highlight the need to use multiple models to avoid potential maladaptation. We also assess the cost of error, and find that this cost is surprisingly low in light of the wide differences in optimal volumes. Then, we discuss alternative strategies to decide about dam dimensioning in the current situation where climate uncertainty at the regional scale is very large. Even though applied to a small catchment, we claim that this work yields insights that are of general relevance for climate change adaptation and water management in a changing climate.
The model is applied to the Pyli basin, a Mediterranean mountainous catchment in northern Greece, which is part of an important water development project for the Acheloos River. According to the IPCC (2007), mean annual warming in the Mediterranean could be more important compared to the other regions and mean annual precipitation could reach −20% (see more details on the studied region in Section 1 of the Online Resource).
Section 2 presents an overview of the methodology for optimal dam dimensioning under climate change. Section 3 applies this methodology assuming three different reservoir geometries and using 19 climate models simulations from the IPCC. Section 4 concludes and proposes insights on how to make climate-sensitive decisions in the current situation of uncertainty.
Methodology
This section summarizes the methodology of this study. More details are available in the Online Resource.
First, we assume a stationary climate, before we take into account nonstationarity. Assuming that climate is stationary, the water demand that can be satisfied by a water reservoir at a given target reliability level is determined. Reliability is computed using the behavioral method, allowing to numerically compute the water supply level associated with the reliability target. This step is described in details in Section 2.1 of the Online Resource.
The downscaling method allowing to determine precipitations and temperatures changes under the stationary climate follows the methodology. With this method, the climate change signal extracted from General Circulation Models (GCM) is applied to observed climate data. We apply the same seasonal precipitation and temperature changes every year, therefore changes in inter-annual variability are not considered. Potentially important climate change impacts on variability (Schär et al. 2004 ) are thus disregarded. Intra-annual variability changes projected by the models are taken into account through the consideration of two 6-month seasons (summer and winter).
To translate climate-variable changes into runoff changes in a stationary climate, we use the temperature dependent precipitation-runoff magnification factors published by . The magnification factor value is determined based on precipitation and temperature change and allows to convert change in precipitation to change in runoff. This change in runoff is then applied to the historical time series with the same monthly runoff change applied each year. It is then assumed that the water demand in a changed climate adjusts to the water supply, which is defined as the amount of water that can be supplied at a given reliability level (here 95% of the time). The methodology is detailed in Online Resource, Section 2.2.
To account for non-stationarity, climate is then modeled as a succession of stationary climates. Because we have only one simulation for each climate model, and because climate models have difficulties to reproduce natural inter-annual and inter-decadal variability, this analysis uses a combination of historical data series and of climate model outputs. Climate models provide the climate change signals (including changes in intra-annual variability), while historical data provide the interannual and interdecadal variability (assumed unaffected by climate change). From these climate information, the runoff probability distribution function for one given year is assumed to be the same than the runoff in a stationary climate with the same stable climate characteristics. From this runoff characteristics, the water that can be supplied in a given year with a given reliability is calculated for each year of the period. The precise computation is available in Online Resource, Section 2.3.
Construction costs for a given capacity are determined by considering a valleyshaped reservoir with a rock-filled dam at the entrance of the valley. The cost computation is described precisely in Section 3 of the Online Resource.
The economic benefits of a given demand for a year is set to the discounted value of water, where the quantity of water used is set to the demand in transient climates as described above. The unit water price is considered to be independent of the demand level and grows at the same rate than the economy. Several unit water prices are used. The net present value (NPV) of the water system is set equal to the benefits of water minus the construction costs. The system (water and man-made reservoir) net present value is then maximized in order to determine the optimal dam dimension. The parameter values and the details of computation are described in Section 4 of the Online Resource.
Results

Reference case without climate change
The relationships between dam height, reservoir surface and reservoir volume are in agreement with Georgakakos et al. (1999) with the default parameter set. We also consider other reservoir geometries to investigate model results. The model, indeed, is meant to be generic and this sensitivity analysis highlights how optimal storage capacity choice under climate change may depend on local constraints. Therefore, optimal volumes are computed for different valley lengths, which determine the marginal cost of the reservoir: in a longer valley, a given reservoir volume is achieved with a smaller (and cheaper) dam. The results obtained without climate change are described in detail in Section 6 of the Online Resource.
Optimal dimensioning under climate change
Consistently with IPCC (2007) for the Mediterranean region, mean runoff tend to decrease under climate change with changes between 0 and −21%. Details on runoff change computation and runoff change for all models are available in the Online Resource, Section 5 and Table 8 . In the following, changes in optimal volume storage, satisfied demand and economic value relative to a case with no climate change, are presented. Figure 1 shows how the water system net present value (NPV) depends on the reservoir volume, for a valley length 10km and for three models CNRMCM3 (exhibiting a very important reduction in variability and mean), CSIROMK35 (with a moderate reduction in variability and mean), and NCARPCM1 (with an unchanged mean and an increase in variability). The figure includes the results with a null pure time preference and with a 3 and 6% rate of pure time preference (corresponding to a low, medium and high interest rate). Fig. 1 Net present value as a function of reservoir volume. Three models and the no-climatechange case (NOCC) are shown and three rates of pure time preference. The models (CNRMCM3, NCARPCM1 and CSIROMK35) exhibit different changes in variability and mean. The purpose is not to show the precise NPV of each model but to illustrate, beside the usual pure time preference effect (lower NPV and optimal volume), the reduction of NPV difference between models under climate change. Indeed, the NPV range is much larger for a 0% pure time preference
Optimal volume
The purpose of this illustration is not to show the precise NPV values but the three groupings (indicated with the three ellipsis) of the four models (CNRMCM3, CSIROMK35, NCARPCM1, no climate change) corresponding to the three pure time preferences (0%, 3%, 6%) and their respective NPV ranges under climate change (indicated with the three vertical bars). This figure shows that a higher discount rate has two consequences: classically, it leads to lower benefits and therefore smaller optimal volumes, but it also diminishes the effect of climate change as the difference of computed NPVs is reduced when the discount rate is higher. This arises simply from the fact that higher discount rate leads to giving less importance on the future, where most of climate change is taking place.
The minimum and maximum change in optimal volume obtained by the maximization of the NPV is shown in Table 1 , as a percentage of the case with no climate change for three valley lengths and three pure time preferences. The change is more significant when the pure time preference is low. Optimal volume changes range from −34% up to +2%, indicating the large uncertainty. More detailed results for all the IPCC models in Table 3 of the Online Resource show that less runoff conduces to smaller volumes. Hence, lower rainfall is not compensated through increased water storage in an optimal adaptation strategy using cost-benefit analysis, which is in contrast with the result obtained with the demand target methodology (Ward et al. 2010; .
These results depend on the hypothesis that the unit value of water is constant. When water is scarcer, the increase in unit water value could increase the benefits of building a bigger reservoir and lower the differences in size. Here, since the unit value of water do not change, it is not beneficial to bear the costs of capturing an additional part of the smaller water quantity that is available.
Different geometries do not lead to large differences in the percentage change of optimal volumes compared with the no climate change optimal capacities (for each combination of pure time preference and climate change model). This result stems from the fact that changes in mean runoff, standard deviation and winter runoff are rather well correlated. This correlation could explain the comparable percent change of optimal volumes, whether winter runoff, inflow variability or mean runoff is the major driver of the optimal volume. It is interesting to note that the presence of a medium or large size dam gives more importance to total annual precipitation change than to seasonal changes. For instance, the change in summer precipitations may be different between climate models, but this does not affect the dam dimensioning or the demand satisfaction because a small reservoir refills mostly in winter and a big reservoir is only affected by inter-annual variability change. Table 1 Ranges of percent changes in optimal volume storage, satisfied demand and net present value (NPV) for three valley lengths and three pure time preferences The water value has an effect on the optimal volume, as shown in Table 6 of Online Resource where three water values are compared, although it does not change the results in qualitative terms.
Satisf ied demand
The change in satisfied demand at the end of the period of 70 years is much less influenced by the pure time preference, as shown on Table 1 . This is obvious for a long valley: in that case the reservoir is very big for all pure time preference values, and most of the variability is captured. Therefore, the change in satisfied demand simply follows the change in mean runoff.
An interesting result of this analysis is that-in an optimal adaptation scenariothe reduction in rainfall is not compensated by larger reservoirs. On the opposite, the optimal reservoir is smaller in a drier climate, and the satisfied demand is significantly reduced. In practice, the reduction in satisfied demand is larger than the reduction in runoff with a fixed water value. Optimal adaptation does not maintain water availability.
Net present value
The change in net present value takes into account the reservoir size, such that smaller reservoirs lead to lower costs, and the change in satisfied demand. It also integrates what happens in the first years with limited climate change and the potentially important changes in satisfied demand at the end of the period. Net change in NPV is relevant, because it corresponds to the cost of climate change with optimal adaptation taken into account.
Minimum and maximum percent changes in net present value are shown on Table 1 for three valley lengths and three pure time preferences. The change in NPV with climate change may be substantial with low discounting, in case of an important reduction of runoff. Losses can reach up to 25% of the net present value of the water system without climate change. Discounting changes the percentages, but the differences remain, with a maximal loss of 12% with a 6% pure time preference. Detailed results for all models are available in Online Resource.
Climate change may even make the reservoir undesirable. The net benefit of the dam may indeed become negative due to climate change for the smallest water price. If water price is low, and with an intermediate valley length of 8km and a rate of pure time preference of 6%, a dam is desirable in the current climate. But with climate change, 18 models lead to an optimal situation without dam, while 1 model favour a situation with a dam.
Error costs and robust decision-making
Climate model uncertainty is here a potential source of error regarding optimal dam dimensioning. Indeed, there is a substantial difference between the optimal heights, and, therefore, a potential for sunk costs, if the realized climate is not consistent with the climate the dam has been designed for. Table 1 shows that, especially for low rates of pure time preference, optimal dimensions differ markedly between different climate change scenarios. For example, with a 10km valley and no pure time preference, the optimal volumes varies between 1 and −23% compared with a situation with no climate change.
Assuming-quite unrealistically-that one of the IPCC models is perfectly correct and that the future climate is actually among the climate change scenarios produced by the climate models, we assess the cost of designing the dam using one of the eighteen wrong models 1 . We find a maximal error cost that varies between 0.3 and 2.8% of the net present value for the different cases. Details on the error cost assessment are provided in Section 9 of the Online Resource, as well as detailed results.
A decomposition of the climate change net impacts shows that both adaptation costs and residual impacts decrease with smaller reservoir volumes. Their difference, the net climate change impact, is however quite flat explaining why error costs are low. An illustration of damages decomposition is available in Online Resource, Section 10.
Still assuming that one of these models is correct and predicts the actual future climate, the error cost of using the wrong model is shown in the Table 9 of Online Resource, for a 3% pure time preference rate and a 10km valley length. We find that error costs increase regularly with the error in predicting rainfall characteristics.
It has been said that, in the current situation of deep uncertainty on how climate will change, using scenario analysis and robustness criteria was more adequate than cost-benefit analysis; see for instance Lempert and Collins (2007) , , Hallegatte (2009) , and applications to water management in , Dessai (2005) , Dessai and Hulme (2007) . In the current analysis, it is possible to look for robustness by designing the dam using the volume with which the maximum error cost is the smallest (a minimax approach). Looking at the corresponding models, one find that two models have a maximum error cost that is the smallest, i.e. GFDLCM20 and CSIROMK35 (with a maximal error cost of 0.4%). The cost benefit analysis shows that this choice is robust, a result which is not really surprising since the error cost is quite small.
Conclusion
Summary
This analysis shows that climate change influences in a significant manner the optimal dimensioning of water reservoirs. Since climate change is uncertain, optimal reservoir design is also uncertain. For instance, for a 10 km valley length with no discounting, the optimal reservoir volume varies between 1 and −23% compared with a situation with no climate change, depending on the climate model used. Importantly, our analysis suggests that the reduction in rainfall should lead to building smaller dams and that reduced water availability can not be cost-effectively compensated by more water storage in a setting where the unit value of water is considered to be independent of demand.
There is therefore a potential for sunk-costs, in case a large reservoir is constructed while actual climate change finally calls for a smaller reservoir. Correspondingly, a small reservoir may be constructed, in spite of a potential for satisfying a larger water demand. In our case, the costs associated with these errors are not large compared with the net present values differences between scenarios, as they lie between 0.3% (with a long valley and a high discount rate) and 2.8% (with a short valley and no discounting). Optimums are flat and therefore not very sensitive to the volume chosen in the end.
The net present value of water resources, however, can be substantially affected by climate change: depending on the model, the change in NPV ranges from no change to a reduction of 25% (without discounting) or 12% (8% discounting, if 2% economy growth rate and unit income elasticity are assumed) compared with a situation without climate change. This is a very large negative impact of climate change, even assuming optimal adaptation and perfect foresight.
Consequently, although low error costs is good news for dam dimensioning, this also means that adaptation measures are not always effective to mitigate climate change impacts in the water sector. Adaptation policies need to further focus on how to cope with reduced water resources (e.g. reduced water consumption, nonconventional water production), in addition to maintenance of water resources through increased water storage.
Conclusion on adaptation decision making
Since the optimal net present value is very flat, a cost-benefit analysis appears not to be very useful to discriminate against the different volumes, in the case studied here. This questions the use of cost-benefit analysis to determine the design of the dam, a demand target could be more discriminatory. The net present value resulting from the cost-benefit analysis, however, is a good measure of the opportunity to build the dam, since it is not very sensitive to errors in the dam design.
An analysis of possible error costs of choosing one model, when another one finally reveals correct, shows that carrying out the reservoir design with some models minimizes the maximum possible error cost. In absence of better information, and in a robust decision-making framework, we suggest the use of the volume minimizing the maximum error cost. Even if error costs are limited in the illustrative example of this paper, it may not be the case for all investments. In these cases, reducing the error costs may be a viable decision-making approach.
In such a decision-making framework, it is necessary to have as many models as possible, to reduce the likelihood of "missing" a possible outcome of climate change. In such a framework, therefore, the development and use of many climate models in parallel is very important. It also means that model development should not necessarily be concentrated on a so-called "best" model.
Next steps and research needs
This approach is incomplete, however, and few additional considerations will have to be taken into account in the future. Including possible postponing of investment before uncertainty is resolved could be an interesting next step in the analysis (Venkatesh and Hobbs 1999) , especially in the case of unfavourable sites (i.e., short valleys and large climate uncertainty).
In case of important reduction of water resources, large investments in sectors demanding water, especially irreversible investments, would be lost, a fact that should be taken into account in our approach. This change could be reflected in a change in the water unit value, with an increasing value when runoff decreases.
Non climatic change related uncertainties could also be considered and change drastically the results, especially changes in demand and in institutional arrangements (Wood et al. 1997; Callaway et al. 2007; O'Hara and Georgakakos 2008) . Other sources of uncertainty (or uncertainty reduction) could also be taken into account. For instance, the transient dynamics and change of inter-annual variability from GCM is not taken in to account, the change in demand under climate change (e.g., in the agriculture sector) are not considered, only one emission scenario is used, other downscaling methods and hydrological models could be tested. Flood control and sedimentation volume change under climate change could also modify the optimal volume.
More importantly, with the aim of the most robust decision, the possibility that all climate models are wrong has to be included in the analysis, leading to even more complexity. Possible solutions include the addition of expert-based climate change scenarios, to account for the boundaries of possible climate changes (e.g., worst case and best case scenarios).
